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E-mail address: ling@postman.riken.go.jp (F. Ling)In budding yeast, the mitochondrial DNA (mtDNA) replication pathway involving the homologous
DNA pairing protein Mhr1 promotes mitochondrial allele segregation. Mitochondrial fusion facili-
tates the recombination-mediated replication pathway; however, the role of ﬁssion remains largely
unknown. By monitoring mitochondrial allele segregation during zygotic division, we found that
the absence of ﬁssion proteins Fis1 or Mdv1, but not Dnm1, resulted in increased initial homo-
plasmy levels and decreased mtDNA copy number. However, decreases in mtDNA copy number
alone were not sufﬁcient for rapid establishment of homoplasmy, suggesting that inhibiting the
activities of certain ﬁssion proteins promotes homoplasmy by reducing the number of mtDNA seg-
regation units.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Mitochondrial networks containing tens of thousands of mito-
chondrial DNA (mtDNA) copies are present in eukaryotic cells. Het-
eroplasmy occurs when mutant mtDNA and wild-type (WT)
mtDNA co-exist in a cell. This condition has been linked with var-
ious human mitochondrial diseases [1,2], aging [3], and cancer [4].
Enhancement of mitochondrial fusion and ﬁssion, and reduction of
mutant mtDNA via a ‘‘shift in heteroplasmy’’ are important tech-
niques in treatment of some mitochondrial disorders [5,6].
From a starting point of heteroplasmy, homoplasmy can be pro-
moted by reducing the number of mtDNA segregation units; e.g.,
reduction of the mtDNA level in the ‘‘genetic bottleneck’’ contrib-
utes to WT mtDNA homoplasmy in newborn mammals. The reduc-
tion of mtDNA copy number in budding yeast can be achieved by
use of ethidium bromide (EtBr), an inhibitor of mtDNA polymer-
ase; the puriﬁed mtDNA polymerase is more sensitive to ethidium
bromide (EtBr) than the nuclear DNA polymerase I [7]. EtBr has
been commonly used for isolation of rho or rho0 mutants [8–10].chemical Societies. Published by E
polymerase chain reaction;
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.Using the yeast Saccharomyces cerevisiae as a model, our previ-
ous work revealed that a reduction in segregation units can be
achieved by forming concatemers linked with unit-sized mtDNA
via recombination-mediated rolling circle replication, which is
dependent upon the homologous pairing protein Mhr1 [11]. Most
mtDNA molecules in yeast are tandem multimers referred as to
‘‘concatemers’’ [12]. Whether simply reducing mtDNA copy num-
ber can promote a shift in heteroplasmy in yeast is an unresolved
question.
Recently,we showed thatmitochondrial fusion increasesmtDNA
copy number via the recombination-mediated replication pathway
[13]. Since fusion opposes ﬁssion, it is likely that mitochondrial
ﬁssion contributes to heteroplasmic mtDNA maintenance. This is
consistentwith the prediction that fusion promotes a shift fromhet-
eroplasmy to homoplasmy during vegetative growth (see review:
[14]). Fis1, Mdv1, and Dnm1 are required for the multiple steps of
mitochondrial membrane ﬁssion: ﬁrst, Fis1 recruits Mdv1 to the
surface of the mitochondrion; next, Dnm1 is added to the complex
to form the mitochondrial division apparatus [15–18]. In addition
to disruptingmitochondrial ﬁssion, deletion of the FIS1 gene in yeast
consistently results in acquisition of a secondary mutation in the
stress-response gene, WHI2 [19]. Whi2 links mitophagy with the
general stress response and the Ras-PKA signaling pathway [20].
Little is known about the roles of Whi2 or the Ras-PKA pathway in
the segregation of mitochondrial alleles.lsevier B.V. All rights reserved.
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absence of mitochondrial ﬁssion proteins Fis1 and Mdv1 results
in decreased mtDNA copy number and an increased level of
mtDNA homoplasmy following the mating of budding yeast cells
which possess different nuclear and mitochondrial genotypes.
Conversely, neither the Dnm1 null mutation nor the secondary
mutation in the WHI2 gene induced by Dﬁs1 resulted in substan-
tial changes in mtDNA homoplasmy after mating. We also show
that reduction of mtDNA copy number to levels lower than those
of Dﬁs1 or Dmdv1 cells (by inhibition of mtDNA polymerase
with EtBr, or by glucose repression) does not itself account for
rapid establishment of homoplasmy. It is very likely that the
number of segregating units in Dﬁs1 and Dmdv1 were reduced,
since a large proportion of mtDNA molecules present in Dﬁs1
and Dmdv1 cells replicate in a manner that is dependent on
Mhr1. Here, we discuss mechanistic insights into the process of
elevated mtDNA homoplasmy, based on our previous observa-
tions and the results in this study, using budding yeast as a
model.
2. Materials and methods
2.1. Yeast strains and media
All yeast strains and growth media used in this study have been
reported or described previously [11,21,22]. Construction of null
mutants Ddnm1, Dﬁs1, Dmdv1, Dwhi2 and double-mutants mhr1-
1 Ddnm1,mhr1-1 Dﬁs1, andmhr1-1 Dmdv1was conducted accord-
ing to methods described previously [11].
2.2. A genetic assay for the monitoring of mtDNA homoplasmy levels
during vegetative growth of diploid cells
The genetic assay for monitoring mtDNA homoplasmy levels
during vegetative growth in WT/WT, Ddnm1/Ddnm1, Dﬁs1/Dﬁs1,
Dmdv1/Dmdv1, and Dwhi2/Dwhi2 diploid cells was carried out
essentially as previously described [11]. After growth in YPGly
medium, haploid cells of opposite mating types; nuclear genotypes
WT, Ddnm1, Dﬁs1, Dmdv1 or Dwhi2; and mitochondrial genotypes
OliR-ChlS (oligomycin-resistant, chloramphenicol-sensitive) or
ChlR-OliS, were crossed in YPD medium. Crossing was carried out
under the following conditions: 30 C, 6 h, rotary shaker at
90 rpm, equal concentrations of mating partners (1.0  107 cells
per ml). Cells were diluted 100-fold before being transferred to
SD medium supplemented with the required amino acids and
20 lg/ml protease (Sigma; to digest mating factors), in order to al-
low selective growth of existing diploid cells, but not newly formed
ones. Samples were taken every 1.5 h and spread onto SD plates, on
which diploid cells were grown for two days at 30 C. The colonies
were replica-plated onto YPGly plates containing 3 lg/ml oligomy-
cin and/or 4 mg/ml chloramphenicol. The number of cells grown
on chloramphenicol or oligomycin plates, but not both, was di-
vided by the total number of colonies on the YPGly plates; this
was regarded as the ‘‘homoplasmy level’’.
The crossing ofWT cells pre-cultured in the presence of EtBr was
conducted under the same experimental conditions. After growth
for at least 12 h in YPGly medium treated with 20, 40, 80, 170,
400, or 4000 nM EtBr, haploid cells were crossed in YPD medium.
The subsequent steps were identical to those described above.
2.3. A quantitative real-time PCR assay for measurement of mtDNA
copy number
All strains used in the genetic assay for monitoring mtDNA seg-
regating levels were assayed for mtDNA copy number. The strainswere grown in YPGly medium or YPGly medium containing various
concentrations of EtBr. The a-WT and a-WT strains were cultivated
in YPD medium only when the effect of glucose repression was
tested. Total cellular DNA was extracted and used as the template
for quantitative real-time PCR in a LightCycler 480 (Roche) as de-
scribed [23].
3. Results
3.1. The absence of Fis1 or Mdv1, but not Dnm1 or Whi2, increases
initial homoplasmy levels during early zygotic division
In order to determine whether the absence of proteins involved
in ﬁssion affects levels of mtDNA homoplasmy, we ﬁrst con-
structed Fis1, Mdv1 and Dnm1 null mutants using haploid cells
of opposite mating types and carrying either chloramphenicol- or
oligomycin-resistant markers (ChlR and OliR), in their mitochon-
drial genomes (Table 1). We crossed these cells with mating part-
ners with distinct nuclear genetic backgrounds in order to generate
zygotes in which mitochondrial genomes with different mitochon-
drial markers were mixed. The segregation of mitochondrial alleles
during early zygotic budding and vegetative growth was moni-
tored by calculating the percentage of diploid colonies that were
ChlR-OliS or OliR-ChlS after selective growth of diploid cells; this
percentage is the homoplasmy level.
By use of this assay, we found that mtDNA homoplasmy lev-
els in Ddnm1 cells showed no remarkable differences relative to
WT, prior to 10 generations (Fig. 1a and b). However, homo-
plasmy levels in Dﬁs1 and Dmdv1 cells were substantially higher
after mating, and saturated within 2 and 4 generations, respec-
tively (Fig. 1c and d). These results indicate that initial homo-
plasmy levels were enhanced during early zygotic division in
the absence of Fis1 or Mdv1, and that these mitochondrial ﬁs-
sion proteins have different effects on the segregation of mito-
chondrial alleles.
This assay revealed 2.8- and 1.5-fold increases in homoplasmy
levels in the absence of Fis1 or Mdv1 at the initiation of vegetative
growth, 6 h after mating Dﬁs1 or Dmdv1 cells, relative to the
homoplasmy levels resulting from crossing WT cells (Fig. 2A). On
the other hand, we detected no effect of Ddnm1 on the homo-
plasmy level at the initiation of vegetative growth (Fig. 2A). The
disruption of DNM1 in both a and a haploid cells was carefully con-
ﬁrmed (Supplementary Fig. 1).
3.2. Decreases in mtDNA copy number appear to correlate with
increases in initial homoplasmy level in the absence of Fis1 or Mdv1
These observations lead us to ask what accounts for such di-
verse homoplasmy levels among the null mutants, since Fis1,
Mdv1, and Dnm1 are all involved in mitochondrial ﬁssion. To ad-
dress this question, we measured the relative mtDNA copy number
in these null-mutant haploid cells according to a previously de-
scribed method [23]. Quantitative PCR assay revealed that mtDNA
copy number increased 1.4-fold in the Ddnm1 cells, or remained
unchanged in the Dwhi2 cells, but was reduced to 85% and 72%
in Dﬁs1 and Dmdv1 cells, respectively (Fig. 2B). Additionally, over-
expression of either FIS1 or MDV1 further decreased mtDNA copy
number to 16% and 42%, whereas mtDNA copy number remained
unchanged when DNM1was overexpressed, indicating that regula-
tion of the amounts and proportions of the ﬁssion proteins Fis1 and
Mdv1, but not Dnm1, is an important factor in mtDNA copy num-
ber control (Supplementary Fig. 2). These data led us to question
the correlation between increases in initial homoplasmy levels
and decreases in mtDNA copy number in the absence of Fis1 and
Mdv1.
Table 1
Yeast strains used in this study.
Abbreviation Strains Nuclear genotype Mitochondrial genotype Source
a WT W303a-187 MATa ade2 leu2 his3 ura3 trp1 [rho+ x+ ens2 Chl321R] [22]
a WT YKN1423 MATa leu2 ura3 [rho+ x+ ens2 Oli2R] [22]
mhr1-1 FL672c-55R5 MATa leu2 trp1 can1 mhr1-1 [rho+ x+ ens2 Chl321R] [21]
a Ddnm1 W303a-187/Ddnm1 MATa ade2 leu2 his3 ura3 trp1
dnm1::Kan1
[rho+ x+ ens2 Chl321R] This study
a Dﬁs1 W303a-187/Dﬁs1 MATa ade2 leu2 his3 ura3 trp1
ﬁs1::Kan1
[rho+ x+ ens2 Chl321R] This study
a Dmdv1 W303a-187/Dmdv1 MATa ade2 leu2 his3 ura3 trp1
mdv1::Kan1
[rho+ x+ ens2 Oli2R] This study
a Dwhi2 W303a-187/Dwhi2 MATa ade2 leu2 his3 ura3 trp1
whi2::Kan1
[rho+ x+ ens2 Chl321R] This study
a Ddnm1 YKN1423/Ddnm1 MATa leu2 ura3 met3
dnm1::Kan1
[rho+ x+ ens2 Chl321R] This study
a Dﬁs1 YKN1423/Dﬁs1 MATa leu2 ura3 met3
ﬁs1::Kan1
[rho+ x+ ens2 Oli2R] This study
a Dmdv1 YKN1423/Dmdv1 MATa leu2 ura3 met3
mdv1::Kan1
[rho+ x+ ens2 Oli2R] This study
a Dwhi2 YKN1423/Dwhi2 MATa leu2 ura3 met3
whi2::Kan1
[rho+ x+ ens2 Oli2R] This study
GalDNM1 W303a-187GalDNM1 MATa ade2 leu2 his3 ura3 trp1 GalDNM1 [rho+ x+ ens2 Chl321R] This study
GalMDV1 W303a-187GalMDV1 MATa ade2 leu2 his3 ura3 trp1 GalMDV1 [rho+ x+ ens2 Chl321R] This study
GalFIS1 W303a-187GalFIS1 MATa ade2 leu2 his3 ura3 trp1 GalFIS1 [rho+ x+ ens2 Chl321R] This study
Ddnm1 mhr1-1 FL672c-55R5Ddnm1 MATa leu2 trp1 can1 mhr1-1 dnm1::Kan1 [rho+ x+ ens2 Chl321R] This study
Dﬁs1 mhr1-1 FL672c-55R5Dﬁs1 MATa leu2 trp1 can1 mhr1-1 ﬁs1::Kan1 [rho+ x+ ens2 Chl321R] This study
Dmdv1 mhr1-1 FL672c-55R5Dmdv1 MATa leu2 trp1 can1 mhr1-1 mdv1::Kan1 [rho+ x+ ens2 Chl321R] This study
The mutants with single null mutations of ﬁssion genes, their double mutants in conjunction with the mhr1-1 point mutation, and the strains carrying integrated GAL1
promoters for overexpression of the ﬁssion genes were constructed as described [9].
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increase in initial homoplasmy levels
We therefore asked whether increased initial homoplasmy
levels in Dﬁs1 and Dmdv1 cells resulted from decreases in mtDNA
copy number. We tested the hypothesis by growing WT cells in
media containing either glucose or glycerol as a carbon source, in
order to test the effect of glucose repression. Glucose repression
lowers respiration level, reduces respiratory enzyme activities,
generates a small number of branched mitochondria, and
decreases mtDNA copy number in yeast cells grown in the glucose
medium; such repression is not present in yeast cells grown in
glycerol medium [24]. As compared with the mtDNA level in yeast
cells grown in glycerol medium (YPGly), mtDNA copy number was
reduced by 32% when yeast cells (a-WT) were grown in the glucose
medium (YPD), under glucose repression condition (Fig. 2C). In our
assay system, we could not detect a difference in initial levels of
mtDNA homoplasmy or rates of mitochondrial allele segregation
between diploid cells grown in glucose or glycerol medium (Figs.
1f and 2D). Considering the signiﬁcant possibility that glucose
repression may also suppress the activities of factors that are re-
quired for mitochondrial allele segregation, we thus set out to re-
duce mtDNA copy number by treating cells grown in YPGly
medium with various concentrations of EtBr (Fig. 2E). We found
that initial levels of homoplasmy only increased when the mtDNA
copy number was reduced to an extremely low level (less than
10%) (Fig. 2F). In addition, Dﬁs1 caused a small decrease in mtDNA
copy number, but a greater increase in the initial homoplasmy
level than Dmdv1 (Figs. 1 and 2A). These data indicate that the
increases in initial homoplasmy levels in the absence of Fis1 and
Mdv1 are not simply caused by reduction in mtDNA copy number,
leading us to hypothesize that Dﬁs1 caused a larger reduction in
the number of mitochondrial segregation units than Dmdv1.
Concatemers allow for transmission of multiple unit-sized
mitochondrial genomes into buds (thereby reducing the number
of segregating units), and are formed through the Mhr1-dependent
replication pathway. Since concatemeric mtDNA is required forrapid homoplasmy formation [11], we further investigated the
effects of deletion of ﬁssion genes on mtDNA levels, by construct-
ing double mutants harboringmhr1-1 (a partial loss-of-function al-
lele), and the Ddnm1, Dﬁs1, or Dmdv1 mutations. In the mhr1-1
double-mutant cells, we found that the Ddnm1, Dﬁs1, and Dmdv1
mutations caused a reduction of 33%, 60%, and 56% of relative
mtDNA copy number, respectively, indicating that the importance
of the Mhr1-dependent pathway for mtDNA replication differs
among the ﬁssion-deﬁcient mutants. The pathway is of greatest
importance to Dﬁs1 cells, followed by Dmdv1 and ﬁnally Ddnm1
(Fig. 2G).
Taken together, the results support the idea that the underlying
cause of increased initial homoplasmy involves decreases in the
number of segregating units as a consequence of the Dﬁs1 and
Dmdv1 mutations, but not decreased mtDNA copy number. In
the context of these mutations, mitochondrial allele segregation
is accelerated, and homoplasmy is established rapidly.
4. Discussion
In this study, we showed that mitochondrial ﬁssion proteins
produce different effects on the segregation of mitochondrial al-
leles. The rapid homoplasmy formation observed in Dﬁs1 and
Dmdv1 cells is very likely due to reduction in the number of
mtDNA segregation units, not simply to decreases in mtDNA copy
number (Fig. 3). If true, detection of increased amounts of concat-
emeric mtDNA relative to monomeric mtDNA in either Dﬁs1 or
Dmdv1 cells would be expected, and would constitute strong evi-
dence for validating the hypothesis.
In addition, there are at least two known pathways for mtDNA
maintenance: one is dependent on Mhr1, another is dependent on
Cce1, which is a mitochondrial Holliday junction resolvase [22].
The Cce1-dependent pathway has no effect on initial levels of
homoplasmy or mitochondrial allele segregation [11]. Therefore,
it is possible that Dmdv1 has a greater effect than Dﬁs1 on the
Cce1-dependent pathway, leading to a greater decrease in mtDNA
copy number, but causing a smaller increase in initial homoplasmy
Fig. 1. Effects of dnm1, ﬁs1, and mdv1 null mutations on segregation of mitochondrial alleles. MtDNA homoplasmy levels during vegetative growth in WT/WT, Ddnm1/
Ddnm1, Dﬁs1/Dﬁs1, Dmdv1/Dmdv1, and Dwhi2/Dwhi2 diploid cells were monitored by the genetic assay described in ‘‘Section 2’’. Data plotted in each panel are from (a) six
(crossing of a WT with a WT), (b) six (a Ddnm1  a Ddnm1; p = 0.310), (c) seven (a Dﬁs1  a Dﬁs1; p < 0.0001), (d) ﬁve (a Dmdv1  a Dmdv1; p < 0.0001), (e) nine (a
Dwhi2  a Dwhi2; p = 0.144), and (f) ﬁve (a WT  a WT in glucose; p = 0.999) plus ﬁve (a WT  a WT in glycerol) independent experiments.
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mtDNA decreased less in Dﬁs1 than that in Dmdv1, a larger portion
of the mtDNAmolecules inDﬁs1 are likely to be replicated through
the Mhr1-dependent pathway, which synthesizes concatemeric
mtDNA, thereby increasing the initial homoplasmy level [11].
This hypothesis was also supported by our observations of dif-
ferences in the effects of the Ddnm1, Dﬁs1, and Dmdv1 mutations
on the rate of petite formation. The level of petite formation in
Dmdv1 cells was maintained at a level similar to that of WT and
Ddnm1 cells, whereas in Dﬁs1 cells the rate of respiration-proﬁ-
cient progeny decreased by 21% (Supplementary Fig. 3A). Theseresults suggest that petite formation does not determine differ-
ences in homoplasmy levels in diploid cells in the absence of
Dnm1, Fis1, or Mdv1. On the other hand, petite levels were signif-
icantly enhanced in the mhr1-1 Dﬁs1 and mhr1-1 Dmdv1 double-
mutant cells (Supplementary Fig. 3B), supporting the idea that
the Dﬁs1 and Dmdv1 mutations diminish the backup pathways in-
volved in respiratory maintenance when Mhr1 is not fully
functional.
Earlier work described the autonomous outer and inner mito-
chondrial membrane-spanning mitochondrial replisome [25];
however, it is not clear how the process of mitochondrial ﬁssion
Fig. 2. Effects of mtDNA copy number reduction on initial homoplasmy levels. (A) Initial levels of mtDNA homoplasmy in diploid WT (n = 15), Ddnm1 (n = 5; p = 0.249), Dﬁs1
(n = 5; p < 0.0001), Dmdv1 (n = 6; p < 0.0001), and Dwhi2 (n = 9; p = 0.7412) zygotic cells, after mating. All cells were pre-cultured in YPGlycerol medium. Crossing was
performed as described in ‘‘Section 2’’. (B) MtDNA copy number in Ddnm1, Dﬁs1, Dmdv1, and Dwhi2 cells, relative to WT. Samples were taken at the start of crossing
experiments. All strains were grown in YPGly medium. Total cellular DNA was extracted and used as the template for quantitative real-time PCR. (C) Relative mtDNA copy
number of WT strains pre-cultured in glycerol (left) or glucose (right) medium. (D) Comparison of initial mtDNA homoplasmy levels in WT cells taken from glycerol pre-
culture (left; n = 15) or glucose pre-culture (right; n = 4, p = 0.9758). (E, F) Relative mtDNA copy number (E) is shown along with initial mtDNA homoplasmy level (F) in WT
cells pre-cultured in various concentrations of ethidium bromide. All samples were pre-cultured for at least 12 h in the presence of EtBr. (G) Relative mtDNA levels in Ddnm1
mhr1-1, Dﬁs1 mhr1-1, and Dmdv1 mhr1-1 double-mutant haploid cells. Method of measurement was identical to (B). Data are shown as the mean ± standard error of mean
(SEM) for three independent experiments.
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selves may affect its function. Future research on these questionswill be crucial in the understanding and treatment of hetero-
plasmy-related diseases.
A Mostly linear concatemeric mtDNA,
Lower mtDNA copy number
Δmdv1, Δfis1
BVarious mtDNA molecular species,
Moderate mtDNA copy number
WT, Δdnm1
High Initial mtDNA HomoplasmyModerate Initial mtDNA Homoplasmy
Zygotes with 
heteroplasmic mtDNA
W303a cell with
ChlR-OliS mtDNA
YKN1423α cell with
ChlS-OliR mtDNA
Zygotic budding
Zygotes with 
homoplasmic mtDNA
W303a cell with
ChlR-OliS mtDNA
YKN1423α cell with
ChlS-OliR mtDNA
Zygotic budding
Haploid cell matingHaploid cell mating
Fig. 3. A plausible model for the effects of mutations of ﬁssion genes on maintenance of heteroplasmy during vegetative growth. Crossing yeast cells harboring two distinct
sets of mitochondrial DNA yields heteroplasmic zygotes. During zygotic budding, mtDNA molecules in close proximity to budding sites and possessing open-ended tails are
preferentially replicated. Segregation of mitochondrial alleles to daughter buds occurs through concatemers, the rolling-circle replication intermediates. (A) A mix of circular
monomeric mtDNA molecules and linear concatemeric mtDNA, combined with high initial mtDNA copy number, raise the number of segregation units, resulting in a lower
level of initial mtDNA homoplasmy in progeny. Homoplasmy restoration takes several generations in WT or Ddnm1 cells. (B) Long strands of linear concatemeric mtDNA, in
tandem with low initial mtDNA copy number, favor a low number of segregation units, resulting in a higher level of initial mtDNA homoplasmy in progeny and relatively few
recombinant molecules. Restoration of homoplasmy occurs within a few generations after mating Dﬁs1 or Dmdv1 cells.
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